The ophD gene, encoding a permease for phthalate transport, was cloned from Burkholderia cepacia ATCC 17616. Expression of the gene in Escherichia coli results in the ability to transport phthalate rapidly into the cell. Uptake inhibition experiments show that 4-hydroxyphthalate, 4-chlorophthalate, 4-methylphthalate, and cinchomeronate compete for the phthalate permease. An ophD knockout mutant of 17616 grows slightly more slowly on phthalate but is still able to take up phthalate at rates equivalent to that of the wild-type strain. This means that 17616 must have a second phthalate-inducible phthalate uptake system.
Phthalate degradation by Burkholderia cepacia DBO1 (ATCC 29424) has been well studied at both the genetic (3, 4) and biochemical levels (1, 6, 10, 18) . The four genes encoding the pathway enzymes are arranged in at least three operons (3) , and a fourth operon codes for a quinolinate phosphoribosyl transferase that enhances the ability of DBO1 to grow on phthalate (4) . Analysis of the nucleotide sequence identified a gene (ophD) encoding a nonfunctional putative permease containing a frameshift mutation (3). Since DBO1 is able to transport phthalate into the cell at wild-type levels even when this frameshifted permease gene is deleted (3), there must be an as-yet-unidentified mechanism for transporting phthalate into the cell. B. cepacia ATCC 17616 is also able to grow on phthalate and shows a restriction fragment length polymorphism pattern identical to that of DBO1 when probed with the cloned DBO1 genes for phthalate degradation. The present work was performed to investigate the ability of 17616 to transport phthalate into the cell.
The frameshifted putative permease in DBO1 synthesizes two polypeptides, designated Orf1 and OphD (3). The region encoding these two proteins was PCR amplified from both DBO1 and 17616 by using the primers ophD-N (5Ј-GGCATA TGGCACATTCAACGTTGCACTCCG-3Ј) and ophD-C (5Ј-CCCTGCAGTGTCACGCGCCGGATCGCTGCG-3Ј) according to standard procedures (3). The ophD-N primer contains the existing translation initiation codon ATG within a new NdeI site, and the ophD-C primer contains the existing stop codon TGA followed by a new PstI site. The PCR products were cloned into the pCRII-TOPO plasmid (Invitrogen, Carlsbad, Calif.), and the sequences of several clones were examined. The nucleotide sequence of this region from 17616 (GenBank accession no. AF152094) is only 1 base different from the DBO1 sequence (3): it has an additional A at position 301, numbering from the ATG initiation codon. The 17616 nucleotide sequence with the additional base thus codes for a "normal" permease rather than the two polypeptides seen in DBO1 (3) . Comparison of the OphD of 17616 to other proteins reveals that it belongs to the major facilitator superfamily (MFS) of transport proteins (16) . It has 12 membrane-spanning ␣-helices (11, 23) , typical of members of MFSs. The OphD of 17616 is most closely related ( Fig. 1 ) to permeases for transport of acidic compounds in the anion:cation symporter (ACS) family (16) such as the putative phthalate transporter Pht1 from Pseudomonas putida NMH102-2 (57.7% identity and 67.1% similarity), putative tartrate transporters (TtuB) from Agrobacterium vitis AB3 (39% identity and 50.9% similarity) and AB4 (42.2% identity and 53.6% similarity), and the putative p-hydroxyphenylacetate permease HpaX from Escherichia coli (36.0% identity and 47.2% similarity). The OphD of 17616 shows little similarity to members of the well-studied aromatic acid:H ϩ symporter (AAHS) family (16) such as the P. putida p-hydroxybenzoate and protocatechuate transporter PcaK and the Acinetobacter sp. benzoate transporter BenK (Fig. 1) . MopB, a 4-methylphthalate-specific permease from B. cepacia Pc701, is able to transport both 4-methylphthalate and phthalate into the cell (19) . However, despite the fact that it transports phthalate, MopB shows low similarity to the OphD of 17616 and falls into the metabolite:H ϩ symporter (MHS) family (16) .
The cloned 1.3-kb PCR products containing orf1/ophD DBO1 and ophD 17616 were moved separately into the expression vector pALTER-Ex1 (Promega, Madison, Wis.) by using the added NdeI and PstI cutting sites. E. coli JM109 carrying either clone (designated pGJZ1351 and pGJZ1352, respectively) was cultured in Luria broth containing 15 g of tetracycline/ml until the cell optical density at 600 nm reached 0.5. Isopropyl-␤-D-thiogalactopyranoside (IPTG) (1 mM) was then added to induce gene expression. The cells were collected 1.5 h after induction and washed twice with 50 mM phosphate buffer. Phthalate transport assays were performed as described earlier (3) except that 100 l of cells rather than 300 l was added to the assay mixture. JM109 expressing the OphD of 17616 rapidly transported phthalate into the cell, while JM109 expressing Orf1 and OphD of DBO1 or carrying the vector pALTEREx1 showed no accumulation of phthalate (Fig. 2) . This data demonstrates that the frameshift in Orf1 and OphD of DBO1 results in loss of the ability of this protein to transport phthalate and proves that the OphD of 17616 is functional for transporting phthalate into the cells.
A number of compounds were tested for the ability to inhibit transport of radiolabeled phthalate by JM109 expressing the OphD of 17616 (Table 1) . In a control experiment, a 20-fold excess of unlabeled phthalate inhibited the rate of transport of radiolabeled phthalate by 91%. Phthalate substituted at the 4 position with either a hydroxyl, a methyl, or a chloro group inhibited phthalate transport significantly when present in a 20-fold excess (86, 66, and 32%, respectively). Phthalate substituted with large polar substituent groups at the 4 position (4-sulfophthalate and 4-nitrophthalate) inhibited phthalate transport less than 10%. It is surprising that the structurally similar compound quinolinate (2,3-pyridinedicarboxylic acid) showed no detectable effect on phthalate transport, while cinchomeronate (3,4-pyridinedicarboxylic acid) inhibited phthalate transport 27%. This may be due to a disrupting effect of a nitrogen atom in the aromatic ring near the carboxyl groups.
The structurally similar compounds o-chlorobenzoate and salicylate did not inhibit phthalate transport, probably because two carboxyl groups are required for substrate binding. The fact that compounds with two carboxyl groups, such as tartrate and maleic acid, did not inhibit phthalate transport implies that the aromatic ring structure is important for substrate recognition.
It was previously shown that DBO1 has an inducible phthalate transporter and that deletion of orf1 and ophD had no effect on either growth or the phthalate transport rate (3). It is thus possible that 17616 has a second phthalate-inducible transport system. A 17616 ophD knockout mutant was constructed by gene replacement with a kanamycin resistance gene cassette by following the same procedure as that used to make the analogous mutant of DBO1 (3). One strain resulting from a double crossover, designated 17616-CZ1, was saved for analysis. The mutant strain grows slightly more slowly on minimal medium (26) (16): the ACS family, the AAHS family, and the MHS family. The ACS family includes the phthalate transporter OphD from B. cepacia 17616 (this work), the putative phthalate transporter Pht1 from P. putida NMH102-2 (15), the putative tartrate transporters (TtuB) from A. vitis AB3 (20) and AB4 (7), the putative p-hydroxyphenylacetate permease HpaX from E. coli (17) , and the putative transporter B2246 from E. coli (2) . The MHS family includes the 4-methylphthalate transporter MopB from B. cepacia Pc701 (19), the citrate transporters CitH from Klebsiella pneumoniae (24) and CitA from Salmonella typhimurium (22) , the ␣-ketoglutarate transporter KgtP from E. coli (21) , the proline/betaine transporter ProP from E. coli (8) , and the dicarboxylate transporter PcaT from P. putida PRS2000 (GenBank accession no. U48776). The AAHS family includes the p-hydroxybenzoate and protocatechuate transporter PcaK from P. putida (14) , the putative aromatic acid transporter PcaK from Acinetobacter sp. strain ADP1 (12), the benzoate transporter BenK from Acinetobacter sp. strain ADP1 (5), the putative vanillate transporter VanK from Acinetobacter sp. strain ADP1 (GenBank accession no. AF009672), the muconate transporter MucK from Acinetobacter sp. strain ADP1 (25) , and the 2,4-dichlorophenoxyacetate transporter TfdK from Ralstonia eutropha (13) . The amino acid sequences were aligned with the Pileup program of the Genetics Computer Group package (9), the alignment was confirmed by visual inspection, and the phylogenetic tree was calculated with the PAUP program by using the minimal-distance method.
FIG. 2.
Phthalate uptake by IPTG-induced E. coli JM109 containing the cloned 17616 ophD (s), the cloned DBO1 orf1/ophD (F), or the vector pAL-TER-Ex1 (OE). Error bars, standard deviation from three independent experiments. lation of phthalate at the rate of 5.6 nmol/min/mg of protein (Fig. 3) . In contrast, 17616 grown on 10 mM p-hydroxybenzoate did not transport phthalate at any measurable rate (Fig. 3) , demonstrating that the phthalate transport ability of 17616, like that of DBO1, is inducible. Interestingly, the knockout mutant 17616-CZ1 took up phthalate at the same rate as the wild-type strain, 17616 (Fig. 3) . The data indicates that although 17616 has a functional phthalate transporter encoded by ophD, a second phthalate transport system exists. That this transport system is specific for phthalate is shown by the fact that 17616 grown on p-hydroxybenzoate did not show any ability to take up phthalate in the transport assay. It is entirely probable that, despite the fact that 17616 and DBO1 were independently isolated on different coasts of the United States, they have a common ancestor with two phthalate transporters and that DBO1 for some reason gained a frameshift mutation in ophD, resulting in a nonfunctional protein product.
Nucleotide sequence accession number. The nucleotide sequence of ophD from B. cepacia ATCC 17616 has been deposited in the GenBank database under accession no. AF152094. This material is based on work supported by the National Science Foundation under grants CHE-9810248 and MCB-9257750.
